ABSTRACT In this paper, a finite-time control strategy composed of disturbance observer and sliding mode controller is investigated for five-degree of freedom (5-DOF) upper-limb exoskeleton subject to system uncertainties and external disturbances. First, a new finite-time disturbance observer (FTDO) is constructed to handle unknown disturbances and modeling uncertainties. Second, a nonsingular fast terminal sliding mode (TSM) approach is presented to follow the desired joint angles. By combining the novel FTDO and the nonsingular fast TSM technology, the exoskeleton angle tracking errors can be forced to zero within a finite time. Furthermore, the stability of the exoskeleton system is illustrated via Lyapunov. Finally, the tracking performance of the proposed control scheme is verified by simulations.
I. INTRODUCTION
Exoskeleton robots have been explored for decreasing labor intensity or medical rehabilitation in recent years. Owing to progress in the research for wearable technology, bio-mechatronics and control strategies, assistive robots or rehabilitative robots are hopeful to assist patients with weak limbs to recover their physical ability [1] - [6] . The upper-limb exoskeleton device with 5 degrees of freedom (5-DOF) is designed to be anthropomorphic and is employed to help the motion of wrist, elbow and shoulder joint by attaching rigid links to upper limbs [7] . Since assisted rehabilitation tasks require quick response, high precision and repeatability of exoskeletons for patient's safety, the design of advanced controller for such system is an important issue which needs to be properly addressed. Generally, an exoskeleton device is employed to offer assistive torques such as moving the subject's limbs according to a predetermined trajectory [8] .
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Recently, many control algorithms have been developed to achieve such control objective. In [9] , a novel linear proportional-integral-derivative (PID) controller is designed to ensure asymptotic stability of an upper limb exoskeleton with 7-DOF. In [10] , an industrial linear PID control technique combined with neural compensation is applied to an upper limb exoskeleton. In [11] , an optimal controller is designed for providing artificial balance to paraplegics. Since exoskeleton is a multiple-input multiple-output (MIMO) nonlinear system and its control presents significant challenges such as uncertain dynamics and external disturbances, various robust control techniques have been proposed to ensure it moves through a pre-determined trajectory. In [12] , a hybrid control scheme, combining fuzzy neural network with a state observer is proposed for passive recovery of an upper-limb exoskeleton. In [13] , a backstepping controller with a learning scheme is applied for lower limber exoskeleton to handle periodic uncertainties. In [14] , sliding mode controller is employed to cope with nonlinear nature and reject uncertainties and disturbances of an exoskeleton robot. In [15] , a neural network algorithm based on cerebellum model is constructed VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ to realize the exoskeleton to move according to human motion intention in the presence of uncertainties. It is assignable that a key requirement is the realization of consistent high dynamic tracking control of the exoskeleton. However, the control methods mentioned above for dealing with uncertainties and disturbances can only ensure the asymptotic convergence. In order to achieve better convergence performance, finite time control has attracted researchers' mind. The finite time consensus strategy by using homogeneous function is employed aiming at a nonlinear multi-agent system via directed topology in [16] . In [17] , a finite time distributed controller with adaptive law is presented to realize consensus of a group of mechanical system. Sliding mode control (SMC) is a common means in exoskeleton control because it has strong robustness against disturbances [7] . In order to decrease the response time and improve convergence precision, the nonlinear terms are added to the original sliding mode surface to form the TSM to ensure that the system states converge to the equilibrium position within finite time [18] - [22] . Terminal sliding mode (TSM) is widely utilized in various dynamic systems for high precision performance and finite time stability. However, when state diminishes to zero, the control input of TSM may tend to be unbounded to retain the ideal TSM motion causing the singularity problem. Nonsingular TSM control is developed [20] , which can avoid singularity problem without any constraint.
The information of system uncertainties and external disturbances can be estimated and compensate controller of exoskeleton robot to improve system robustness. Disturbance observer is adopted to reject the disturbances by compensating the controller with estimated values in [23] . In [24] , the controller is obtained through fuzzy approximation and disturbance compensation. The unknown nonlinear functions are estimated by fuzzy approximation while other disturbance torque is compensated by disturbance observer. In [25] , the authors use a nonlinear disturbance observer to estimate the wearer's muscular torque, which is treated as external disturbances of knee joint exoskeleton. In [26] , a finite time disturbance observer (FTDO) is constructed to reject disturbances of hypersonic vehicles control. In [27] , a terminal sliding mode FTDO is proposed to realize unknown external disturbance compensation. The FTDO is capable of estimating disturbance exactly in finite time and compensating the controller online, such that the disturbance can be suppressed after a short time adjustment.
Hence, a TSM controller based on FTDO is investigated for the upper-limb exoskeleton with 5-DOF in the present paper. The main contributions are summarized below.
(i) The FTDO is constructed to estimate lumped disturbance term which is composed of unknown disturbances and modeling uncertainties of exoskeleton system. In the controller design process, the estimation values are employed to compensate compound disturbances. Owing to the feedforward compensation, the proposed TSM combining the FTDO without opting large feedback gains can alleviate the chattering problem and guarantee fast and accurate tracking performance; (ii) On the basis of accurate disturbance estimation, the nonsingular fast TSM is applied to realize finite time stability of the whole exoskeleton robot. The joint angle tracking errors of the exoskeleton can be converged to zero within finite time. The constructed scheme can improve the response time and convergence precision of the exoskeleton with 5-DOF. The organization is as follows. The upper-limb exoskeleton model with 5-DOF as well as some preliminaries is given in Section 2. FTDO based TSM controller design process as well as stability analysis via Lyapunov method are addressed in Section 3. Numerical simulations are shown in Section 4. The research is concluded in Section 5.
II. PRELIMINARIES AND MODEL DESCRIPTION A. PRELIMINARIES
In order to make the paper clear and concise, it is necessary to illustrate the meaning of some symbols used following. In this paper, R, R n and R m×n represent the set of real numbers, n dimensional vectors space and m × n real matrices space, respectively. R n depicts the Euclidean norm of R n , and the norm of R m×n is R m×n (1) 
Then V (x) can be converged to the equilibrium position in T ,
where η > 0, λ > 0 and 0 < α < 1.
B. MODEL DESCRIPTION
The upper-limb exoskeleton with 5-DOF consists of the most important five revolute joints in human upper-limb movements [30] . The diagrammatic sketch is depicted in Fig. 1 . At the same time, the dynamic equation can be indicated as
where q = [q 1 , . . . , q 5 ] T denotes the angles of five joints,
represents the disturbance torque vector; the generalized inertia matrix M(q) ∈ R 5×5 , carioles/centripetal matrix C(q,q) ∈ R 5×5 and gravity vector G(q) ∈ R 5 are denoted as follows
The detail expressions can be found in [28] . Taking system uncertainties into consideration, M 0 (q), C 0 (q,q), G 0 (q) denotes nominal matrix and the actual value of them can be represented respectively as M(q) = M 0 (q) + M(q), C(q,q) = C 0 (q,q) + C(q,q), G(q) = G 0 (q) + G(q), the items M(q), C(q,q) and G(q) are modeling uncertainties. Then the dynamic equation (4) of the exoskeleton robot can also be depicted as
Formula (5) can be further depicted as
where the lumped disturbance
D represents composed of model uncertainties, joint frictions and load variations.
The purpose is to ensure that the joint angle q is able to follow the desired signal q d quickly and accurately under the occurrence of system uncertainties as well as unknown disturbances which change with time. The required robust control strategy should ensure that all signals can converge in finite time.
III. DESIGN PROCESS OF CONTROLLER
This part constructs a nonsingular fast TSM controller for exoskeleton system combined with FTDO technique.
A. FTDO DESIGN
Considering the fact that it is almost impossible to acquire the exact information of the exoskeleton robot and external disturbances, some measures are necessary to estimate them. As powerful tools to estimate disturbances, disturbance observer has an extraordinary ability to approximate various disturbances.
In order to pursue accurate tracking in short time, a FTDO is developed to approximate the unknown compound disturbance and enhance the robustness. The FTDO is proposed aŝ
whereD represents the estimate output of the FTDO, z is a defined auxiliary variable for the convenience of FTDO design and L 1 , L 2 , L 3 are the gain matrixs to be designed,
, l 3i > 0 and 0 < p < 1. (8) , (9) and (10) , the estimate error of the compound disturbance converges to zero within finite time.
Theorem 1: Considering the exoskeleton system (4), with the FTDO depicted as
Proof: Select the Lyapunov candidate function as
Differentiating V 0 and combining (9) and (6), one haṡ
where l 2 = min{l 2i }. Supposing l 2 ≥ ||D||, equation (12) can be rewritten asV
where l 1 = min{l 1i }, l 3 = min{l 3i }.
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According to Lemma 1, we know that V 0 ≡ 0 for all t ≥ t 1 , where
It implies that z = 0 when t ≥ t 1 . That isż = 0 when t ≥ t 1 is obtained. Donate the FTDO estimation error asD = D −D.
Under (6), (8) and (9), it yields
Based on the above analysis, the estimated errorD of the compound disturbance can be forced to zero within finite time, that isD
Thus, the proposed FTDO can estimate the unknown compound disturbance accurately and the estimation error is zero. So the disturbance only affects the control accuracy in a short time.
B. NONSINGULAR FAST TSM CONTROLLER DESIGN
In our design approach, the nonsingular technique which will not appear negative fraction power after derivation is adopted to avoid this problem. For the exoskeleton system expressed in (4), define tracking error of joint angle e(t) = q d (t) − q(t). The terminal sliding surface which can avoid singularities and has fast convergence is designed as:
where
Its time derivative can be given bẏ
Invoking (6), we obtaiṅ
with the lumped disturbance approximated by disturbance observer proposed above, the TSM controller can be designed as
Theorem 2: For equation (4) of the exoskeleton system, the form of FTDO is proposed as (8) , (9) and (10) . If the TSM controller is constructed as (20) , then the tracking error of the system (4) can converge to zero within finite time.
Proof: Select the following Lyapunov candidate function
Its derivative isV
Substituting (19) to (22), yieldṡ
Substitute (20) into (23),
Considering (16), when t ≥ t 1 , we obtaiṅ
then the following inequality is establisheḋ
Invoking (21), (26) can be expressed aṡ
It can be concluded from Lemma 1 that the system's tracking error can be forced to s = 0 within finite time and the reaching time
In case ofė i = 0, substituting (20) into (6) and considering D = 0, we obtain
Refer to [21] ,ė i = 0 is not an attractor, therefore the tracking error is finite time convergence as well. Consequently, s = 0 can be reached from anywhere within finite time as long as the appropriate controller parameters are selected. Similarly, error e can converge to zero along s = 0 within finite time.
Remark 1: In (17) , all exponential terms are positive, so the control law designed in this paper has no singularity. When the distance between the tracking error and the equilibrium position is large, the second term of the equation (17) plays a major role in which e can reach the region near the equilibrium position at a faster rate, then the third item plays a major role in guaranteeing error converges to zero.
IV. SIMULATION
The effectiveness of the constructed controller is demonstrated by numerical simulation in this section.
Taking the 5-DOF exoskeleton system (4) as the controlled plant, the measured parameters and their uncertain part are shown in the literature [28] . The external disturbances are given as τ d1 = 1 + 0. [20, 20, 20, 20, 20] , Remark 2: About the parameters selection method, a scientific procedure can optimize the process and reduce the difficulty of debugging. To apply the proposed TSM controller based on a FTDO, γ 1 , γ 2 and ρ should be selected first such that 1 < γ 2i < 2, γ 1i > γ 2i and 0 < ρ < 1, respectively. Then the observer gain can be selected to approximate the actual disturbances. The other control gains are chosen and tuned during a trial-and-error process until a good stabilization performance and optimal tracking performances is achieved.
The numerical simulation results of the proposed controller with above control parameters are presented in Figs. 2-11 . The composed disturbances and estimated disturbances are shown in Figs. 2-3 . where d represents the Euclidean norm of composed disturbances and dp denotes the Euclidean norm of estimated disturbances. We can see that the composed disturbance is successfully estimated by the FTDO in less than 0.05s. However, using the nonlinear disturbance observer in literature [25] needs 0.2s. Figs. 4-5 depict that the joint angles tracking errors under the proposed control scheme can converge into an acceptable range in less than 1s while the time is given as 1.5s in [25] . Figs. 6-10 present the joint angles tracking performances of the upper-limb exoskeleton with 5-DOF. From the simulations, one can notice that the actual positions can quickly converge to their references trajectories, so the tracking errors converge to zero at a faster rate. Control inputs is presented in Fig. 11 . We can see that there is fewer chattering under the control law (20) .
V. CONCLUSIONS
This paper proposes a nonsingular fast TSM controller based on FTDO for a 5-DOF upper-limb exoskeleton under the effect of system uncertainties and disturbances. The FTDO is constructed to approximate the uncertainties and disturbances simultaneously and then compensate the system timely. A FTDO based TSM compound control scheme is developed to realize fast tracking of the reference trajectory. Contrary to the existing robust control schemes, the angle tracking errors of the exoskeleton can be forced to zero within finite time even under system uncertainties and disturbances, improving the response time and convergence precision. It should be emphasized that system's initial states affect the finite time convergence which leads to limitations in practical applications. In a fixed-time control strategy, the resolution time is not affected by the initial state. Therefore, the fixedtime control strategy will be the future work.
